Lateral genetic transfer (LGT) involves the movement of genetic material from one lineage into another and its subsequent incorporation into the new host genome via genetic recombination. Studies in individual taxa have indicated lateral origins for stretches of DNA of greatly varying length, from a few nucleotides to chromosome size. Here we analyze 1,462 sets of single-copy, putatively orthologous genes from 144 fully sequenced prokaryote genomes, asking to what extent complete genes and fragments of genes have been transferred and recombined in LGT. Using a rigorous phylogenetic approach, we find evidence for LGT in at least 476 (32.6%) of these 1,462 gene sets: 286 (19.6%) clearly show one or more ''observable recombination breakpoints'' within the boundaries of the open reading frame, while a further 190 (13.0%) yield trees that are topologically incongruent with the reference tree but do not contain a recombination breakpoint within the open reading frame. We refer to these gene sets as observable recombination breakpoint positive (ORB þ ) and negative (ORB À ) respectively. The latter are prima facie instances of lateral transfer of an entire gene or beyond. We observe little functional bias between ORB þ and ORB À gene sets, but find that incorporation of entire genes is potentially more frequent in pathogens than in nonpathogens. As ORB þ gene sets are about 50% more common than ORB À sets in our data, the transfer of gene fragments has been relatively frequent, and the frequency of LGT may have been systematically underestimated in phylogenetic studies.
Introduction
Coherent transmission of genetic material from parent to offspring defines a genomic or organismal lineage. In morphologically complex eukaryotes, almost all genetic transmission follows a vertical (parent-to-offspring) pattern, but many prokaryotes can acquire genetic material potentially originating from outside a lineage and integrate it into the host genome through recombination. Although open issues remain concerning the quantitative extent and physiological consequences of lateral genetic transfer (LGT; also known as horizontal genetic transfer), numerous studies now show that LGT can be quantitatively important and has contributed in many instances to genomic and physiological innovation (Woese 2000; Falkowski et al. 2008; Fournier and Gogarten 2008; Ragan and Beiko 2009) . For example, genes encoding antibiotic resistance can be readily acquired and spread within populations in highly selective environments (Grundmann et al. 2006; Barlow 2009) . If LGT has been frequent, many genes or genomic regions will exhibit incoherent phylogenetic histories, perhaps undermining the very concept of a genomic lineage (Doolittle 1999; Gogarten et al. 2002; Wolf et al. 2002; Gogarten and Townsend 2005; Ciccarelli et al. 2006; Koonin 2009 ).
Various approaches have been taken to identify regions of lateral origin within genomes and to quantify the frequency of LGT. A particularly powerful approach has involved inferring the phylogenetic tree of each orthologous gene or protein family and comparing this tree (or its individual topological features, e.g., internal edges) against an accepted external reference topology such as a species tree (Kunin and Ouzounis 2003; Creevey et al. 2004; Beiko et al. 2005b; Lerat et al. 2005; Zhaxybayeva et al. 2006; Shi and Falkowski 2008; Nesbø et al. 2009 ). Other approaches to quantify the extent of LGT are based on nucleotide composition or codon usage patterns (Mrázek and Karlin 1999; Nakamura et al. 2004 ; Kechris et al. 2006) , inferred gene gain and loss events (Snel et al. 2002; Kunin and Ouzounis 2003; Hao and Golding 2006; Iwasaki and Takagi 2009) , and assumptions about ancestral genome sizes (Dagan and Martin 2007) . During LGT, exogenous genetic material is first introduced into the recipient cell and then integrated into the new host via recombination. The integrated genetic material can constitute stretches of noncoding DNA, fragments of genes (Bork and Doolittle 1992; Inagaki et al. 2006) , entire genes (Hartl et al. 1992 ), multiple (entire or fragmentary) adjacent genes (Igarashi et al. 2001; Omelchenko et al. 2003) , operons, transposable chromosomal elements, plasmids and other naturally occurring extrachromosomal elements, and pathogenicity islands. Lateral origins have been suggested for stretches of DNA ranging from seven nucleotides (Denamur et al. 2000) to more than 3 Mbp in length (Lin et al. 2008) . Evidence for megabase-scale LGT incorporated into the chromosome as hundreds of smaller fragments has also been reported (Didelot et al. 2007) . Nonetheless, phylogenetic studies of LGT persist in considering an intact gene (or protein) as the unit of analysis. Only very recently has the frequency of within-gene lateral transfer and recombination in prokaryotes been investigated at multigenome scale (Chan et al. 2009 ). Recombination of gene fragments (in addition to recombination of whole genes) within the context of LGT among distantly related taxa has not been rigorously studied.
Here we report the first systematic study of recombination of both genes and gene fragments across a broad diversity of sequenced prokaryote genomes, within the conceptual framework of LGT. We define a ''recombination breakpoint'' to be a boundary of a genetic region introduced by an LGT event and incorporated via recombination into a genome. When by our approach we infer a recombination breakpoint to exist within the boundaries of a gene, we refer to that breakpoint as an ''observable recombination breakpoint'' and classify the corresponding set of orthologous genes as ORB þ . On the other hand, a gene set inferred to have undergone LGT but lacking a detectable internal recombination breakpoint is classified as ORB À . Figure 1 illustrates how we classify recombination events that involve two adjacent genes, and extension to longer stretches of genes is straightforward. Thus, the designation ORB þ indicates lateral transfer of a fragment of one or more genes, whereas ORB À indicates transfer of the whole gene (and possibly also of genomic sequence extending beyond that gene). Intuitively, we expect ORB þ gene sets to have suffered more structural (and perhaps functional) disruption in the course of LGT than have the ORB À sets. Here we report the frequencies of gene sets that are ORB þ and ORB À , and discuss how each is correlated with annotated function and with phyletic group. To minimize, to the extent possible, the complications of paralogy and to increase the confidence with which we infer LGT events, we focus here on sets of single-copy, that is, putatively orthologous, genes. Because our approach requires multiple sequence alignment, by ''gene'' we necessarily refer specifically to the corresponding open reading frame; in prokaryotes these tend to be coextensive, or nearly so.
Materials and Methods Data
From 144 completely sequenced prokaryote genomes, we generated 22,437 putatively orthologous protein sets of size N ! 4 via a hybrid clustering approach (Harlow et al. 2004) . We aligned these sequence sets (Beiko et al. 2005b) and validated the alignments using a pattern-centric objective function (Beiko et al. 2005a) . These protein sequence alignments were converted into DNA sequence alignments by retrieving the corresponding nucleotide sequences from GenBank (http://www.ncbi.nlm.nih.gov/) and arranging the nucleotide triplets to parallel exactly the protein alignment in each case, yielding 18,809 gene sets (N ! 4) containing a total of 139,707 genes. We require N ! 4 because 4 is the minimum size that can yield distinct topologies; however, this is true only if every sequence in the set is unique. Therefore, we identified sets containing two or more identical sequences and removed (at random) all but one copy of each identical sequence; this further reduced our data set to 16,639 gene sets (N ! 4) with 119,695 genes (open reading frames). In every case, the identical copies removed from consideration represented organisms either in the same genus (99.7%) or within the Escherichia-Shigella genus pair (0.3%); many represent different strains within the same species (89.1%). It is possible that some of these represent (within-gene or whole-gene)
LGT, but such cases could not have been detected by our (or any other existing) approach in any case.
To minimize erroneous inference arising from paralogous sequences, we further restricted the data set to those 1,462 gene sets for which each member represents a different genome. In this data set, these sets of single-copy genes range in size from 4 to 52 members, totaling 11,128 sequences (supplementary fig. S1 , Supplementary Material online).
The average length of the DNA alignments containing four or more sequences is 893 nt (shortest 72 nt; longest 28,317 nt).
Detecting Within-Gene (Fragmentary) Genetic Transfer
We applied a two-phase strategy for detecting recombination (Chan et al. 2007 ) which in previous studies has been shown to yield high-accuracy inference of recombination events using simulated data (Chan et al. 2006 (Chan et al. , 2007 . In the first phase, PhiPack (Bruen et al. 2006 ) was used to detect the occurrences of recombination based on discrepancies of phylogenetic signal within the sequence alignments. This program incorporates P values of the Neighbor Similarity Score statistics in Reticulate (Jakobsen and Easteal 1996) , the MaxChi test (Maynard Smith 1992) , and PHI (Bruen et al. 2006) . Data sets with at least two of the three P values 0.10 were considered as positive for recombination and were taken forward to the second phase of analysis.
In the second phase, for each sequence set that showed evidence of recombination (above), a Bayesian phylogenetic approach was used to delineate recombination breakpoints; this was implemented in DualBrothers (Minin et al. 2005 ) run with Markov chain Monte Carlo (MCMC) chain length 5 2,500,000, burnin 5 500,000, window_length 5 5, and Green's constant C 5 0.25. The tree search space for each run of DualBrothers was defined by a list of unrooted tree topologies inferred using MrBayes (Huelsenbeck and Ronquist 2001 parameters as follows: MCMC chain length 5 2,500,000, burnin 5 500,000, nucmodel 5 4by4, rates 5 gamma, ngammacat 5 4. Topologies within a 90% Bayesian confidence interval were combined from each window and limited to 1,000 trees maximum. The posterior output of DualBrothers was then used to identify gene sets exhibiting evidence of within-gene transfer.
Detecting Whole-Gene (nonfragmentary) Genetic Transfer
For each gene set, we inferred a Bayesian phylogenetic tree (see below) and compared its topology against that of a reference tree; whole-gene transfer was inferred if the topologies were significantly discordant. These individual gene-set trees were inferred from DNA alignments (above). As reference, we used the Matrix Representation with Parsimony (MRP) supertree (Ragan 1992 ) computed from all well-supported (Bayesian posterior probability [BPP] ! 0.95) bipartitions among all individual protein-set trees in these 144 genomes (Beiko et al. 2005b ). The individual gene-set trees were inferred using MrBayes (Huelsenbeck and Ronquist 2001) with MCMC chain length 5 2,500,000, burnin 5 500,000, and model 5 K2P (Kimura 1980) as described in Beiko et al. (2005b) . We assessed possible discordance between individual gene-set trees and the reference supertree topology under likelihood models captured in the 1) Shimodaira-Hasegawa test (Shimodaira and Hasegawa 1999) , 2) the Kishino-Hasegawa test (Kishino and Hasegawa 1989; Goldman et al. 2000) , and 3) expected likelihood weights (Strimmer and Rambaut 2002) , all as implemented in Tree-Puzzle 5.1 (Strimmer and von Haeseler 1996) . Discordance was inferred if any topology was rejected by two or more of the three maximum likelihood tests at a confidence interval of 95% (P 0.05) and was taken as prima facie evidence of whole-gene lateral transfer. In independent analyses, we also assessed possible topological discordance using the approximately unbiased (AU) test (Shimodaira 2002) .
Tendency for LGT and Its Correction for Gene-Set Size
We devised a simple statistical test to evaluate the tendency for a gene set to undergo LGT, given its size. If there is an intrinsic background probability of LGT across all gene families, then the probability of observing transfer in a large data set is greater than the probability of observing transfer in a smaller one because more sequences mean more opportunities for observing a genetic transfer event.
To compare frequencies of recombination across gene sets of different sizes, we implement an approach similar to the ''linear normalization'' described by Price et al. (2005) , which was used to correct for homologous gene-set size in assessing the accuracy of homology search. For a fair comparison among gene sets of different sizes, we define the expected probability of recombination for a gene set as follows. Let f denote the observed frequency of recombination across the entire data set; in our case, f 5 489/ 1,462 5 0.334. Let n y denote the observed number of gene sets of size y. Then, for gene sets ranging in size from 4 to S members, we have:
in which x represents a gene-set size, and F(Recomb|x) is the expected frequency of recombination for a gene set of size x. The equation above can be used to define a null distribution of recombinant gene-set sizes, D null . Using the Kolmogorov-Smirnov test (Durbin 1973) , we then test whether the observed distribution of gene-set sizes (D obs ) could be generated by our D null . Based on a set of 100 simulated D null distributions that account for gene-set sizes, we find that D obs is unlikely to have been generated by our D null (median P 5 2.9 Â 10 À9 , mean D 5 0.2). In a similar manner, we also independently compared the D obs distributions obtained from the ORB þ and ORB À gene sets against the corresponding D null distributions.
Functional Analysis of Gene Sets
Functional information for each protein sequence was retrieved from the Comprehensive Microbial Resource (CMR) at The J. Craig Venter Institute (JCVI) Web site (http://cmr.jcvi.org/) and is based on JCVI role identifiers (Mainrole). Over-or underrepresentation of functional categories and taxonomic groups was based on the probability of observing a defined number of target groups (or categories) in a subsample, given a process of sampling without replacement from the whole data set (as defined in each case: see text) under a hypergeometric distribution (Johnson et al. 1992) . The probability of observing x number of a particular target category is described as:
Pðk 5 xÞ 5 f ðk; N; m; nÞ 5
where N represents the total population size, m the size of the target category within the population, n the total size of the subsample, and k the size of the target category within the subsample.
Results
For discovery of LGT events in prokaryote genomes, we extracted a subset of the 22,437 putatively orthologous gene sets used in a previous large-scale study (Beiko et al. 2005b ) on LGT in 144 phyletically diverse prokaryote genomes (see Materials and Methods). This subset, 1,462 gene sets, was restricted to sets of single-copy genes, that is, genes that are sufficiently unique within their respective genomes to make it unlikely that they have arisen by gene duplication. By applying this restriction we ensure, to the greatest extent possible, that any inferred recombination is due to LGT, not to the presence of (or recombination with) a paralogous gene copy. These 1,462 gene sets range in size from 4 to 52 members each (supplementary fig. S1 , Supplementary Material online); 1,229 (84.1%) of the sets contain 10 sequences, with almost a quarter of the 1,462 (362, 24.7%) of size 4. Gene sets of size ,4 were excluded from the analysis, as they do not contribute to meaningful phylogenetic inference. Each of the 1,462 gene sets was examined for evidence of LGT, as described below.
Gene Sets with ORBs
We applied a two-phase strategy (Chan et al. 2007 ) for detecting recombination in each of the 1,462 sets of singlecopy genes. In the first phase, we used three statistical measures (Maynard Smith 1992; Jakobsen and Easteal 1996; Bruen et al. 2006) to search for evidence of phylogenetic discrepancy (i.e., a recombination signal) within each gene set. If at least two of the three tests show a P value 0.10 in support of recombinant ancestry, the gene set was passed on to a second phase of recombination inference. In the second phase, we utilized a Bayesian phylogenetic approach, implemented in the software program DualBrothers (Minin et al. 2005) , to locate recombination breakpoints more precisely in the putatively recombinant gene sets. DualBrothers employs reversible-jump MCMC and a dual multiple change-point model to identify, within a set of sequences, contiguous regions that share a common tree topology and the boundaries (recombination breakpoints) between regions that support different topologies (Suchard et al. 2003; Minin et al. 2005) .
Instances of recombination discovered using this approach are thus ORB þ gene sets, as at least one end of a topologically distinct region (i.e., a recombination breakpoint) occurs within the sequence set used in our analysis. ORB À gene sets escape detection because no point of topological discontinuity can be inferred inside the gene set.
Our first-phase screening produced preliminary evidence of recombination in 426 (29.1%) of these 1,462 gene sets, and Bayesian inference of recombination breakpoints was applied to those 426. Following the classification system reported in a previous study (Chan et al. 2009 ), we found clear evidence of recombination breakpoints within 286 of these gene sets (19.6% of 1462), where ''clear evidence'' is defined as BPP support !0.500 for the dominant topology (as defined internally with respect to the individual alignment) on at least one side of the inferred breakpoint. We found a further 80 cases (5.5%) in which a breakpoint was located, but no sequence region supports a single topology with BPP !0.500; we classified these as inconclusive and excluded them from further consideration. Finally, we observed 60 cases (4.1%) for which recombination was indicated in the initial screening, but no recombination breakpoint could be identified. Figure 2A shows the size distribution of these 286 gene sets; the most-populated classes are of eight (42 sets, 14.7% of 286) and six sequences each (39 sets, 13.6%). After normalization by gene-set size, we found that small ORB þ gene sets are observed more frequently than expected (median P , 10 À5 , mean D 5 0.2 in 100 comparisons); this may indicate a higher susceptibility of small gene sets to lateral transfer of gene fragments and/or may reflect a greater sensitivity of recombination detection methods when sequence sets are small.
Gene Sets with no ORB
We inferred phylogenetic trees for all 1,462 gene sets and compared the inferred topology with a reference tree. The reference (species) tree (Beiko et al. 2005b ) was generated using MRP (Ragan 1992) , yielding a supertree that summarizes all well-supported (BPP ! 0.95) bipartitions among the 22,432 trees of putatively orthologous sets in these 144 prokaryote genomes (Beiko et al. 2005b ). In the absence of a detectable recombination breakpoint within the gene, phylogenetic discordance between a well-supported gene tree and the reference supertree can be treated as lateral transfer of the entire gene (and potentially of flanking intergenic regions and adjacent genes as well). Using a combination of three statistical tests (see Materials and Methods) we found 342 gene sets to be topologically incongruent with the reference tree, suggestive of LGT. Among these 342 gene sets, 152 were independently inferred as ORB þ (above); the remaining 190 (13.0%) are thus ORB À . The size distributions of these sets ( fig. 2B) show that, on a per-gene basis, gene sets with fewer members are potentially more susceptible not only to within-gene lateral transfer (ORB þ gene sets, above) but also to transfer of whole genes, than expected under our null model (median P , 10 À3 , mean D 5 0.2 in 100 comparisons).
Thus, in total, among the 1,462 single-copy gene sets, we found clear evidence of LGT in 476 (32.6%) using our approach, of which 286 (60.1%) are ORB þ and 190 (39.9%) are ORB À . Note that 134 gene sets inferred as ORB þ were not found to show strong topological incongruence with the reference tree. To the extent that this result is more broadly representative, it suggests that phylogenetic analyses based on entire genes may overlook almost half of the gene sets actually affected by within-gene LGT. This obviously raises questions, beyond the scope of the present investigation, about the extent and nature of the genetic regions responsible for incongruent signal (e.g., their size, contiguity, and statistical support), and whether protein sequence sets may be similarly susceptible.
The AU test (Shimodaira 2002 ) is reported to better adjust for Type I error than other statistical tests for comparing tree topologies, recognizing, however, that the appropriateness of any test depends also on the nature of the data and on a priori assumptions about tree topologies (Goldman et al. 2000) . We therefore independently substituted the AU test in place of our multiple-test criterion to compare topologies: 489 gene sets (33.4% of 1462) showed strong discordance vis-à-vis the reference supertree, 160 (10.9% of 1462) of which are in the ORB þ set and 329 (22.5% of 1462) of which are ORB À . Thus, under the AU test, the complete LGT footprint is 286 ORB þ (as above) plus 329 ORB À for a total of 615 gene sets (42.1% of 1462), 29% greater than the 476 identified using the multiple-test approach above. The 489 discordant gene sets include all 342 discordant sets identified using our multipletest approach, demonstrating that our estimate of the extent of whole-gene transfer in prokaryotes is of high confidence and perhaps conservative. Interestingly, the proportion of gene sets inferred as ORB þ but not recovered as topologically incongruent with the reference supertree is reduced only slightly (9%), from 134 under our multiple-test criterion to 126 under AU.
Functional Biases of ORB
þ and ORB -Gene Sets
We used annotations from the JCVI CMR (http:// cmr.jcvi.org/) to assign a functional category (JCVI role category) to the protein associated with each gene in the 476 gene sets in which we inferred LGT. Details are provided in Materials and Methods. Figure 3 shows the proportions of proteins in each functional category, broken down by ORB þ or ORB À classification. Hypothetical proteins (i.e., corresponding to genes that show no significant similarity to genes from other organisms) constitute the major overrepresented category in both the ORB þ and ORB À gene sets. A relatively tiny category of proteins related to viral functions (including transduction of DNA by phages) is the only other category similarly overrepresented among proteins corresponding to the ORB À gene sets. On the contrary, proteins involved in a range of biosynthetic, metabolic, protein-synthetic, transport, and binding functions are significantly underrepresented. Proteins that function in energy metabolism are underrepresented only in the case of ORB þ gene sets ( fig. 3A) , whereas those engaged in DNA metabolism, central intermediary metabolism, and transcription are underrepresented only for ORB À sets ( fig. 3B ).
Phyletic Biases of LGT Leading to ORB þ and ORB
À

Gene Sets
We next asked whether ORB þ and ORB À gene sets are over-or underrepresented in particular taxa. Figure 4 shows the taxonomic origins (National Center for Biotechnology Information level-4 taxa) of proteins that correspond to each gene in these two groups of gene sets. For clarity, the corresponding proportions are not shown over the entire 144-genome (16,639 gene sets) data set; over-and underrepresentation (P 0.05) are indicated by red and blue coloration, respectively. Our results reveal that sets of single-copy genes affected by LGT contain a significantly (P 0.05) higher-than-expected proportion of genes originating from High-GþC Firmicutes, Planctomycetes, and Spirochaetales. This is true for both ORB þ and ORB À sets.
Other taxonomic groups are overrepresented in only one of the two types of gene set. The data and our approach do not allow us to extrapolate with certainty, but to the extent that these single-gene sets are representative of complete genomes, the cyanobacteria, chlamydiales, and crenarchaeotes appear to be relatively receptive to introgression of gene fragments, whereas euryarchaeotes, chlorobi, and members of Thermotoga and Aquifex have been relatively receptive to transfer of entire genes or multigene regions. We note that many of the latter taxa are extremophiles, suggesting that further analysis relating LGT patterns and mechanisms (e.g., conjugation, transduction) to environmental factors may be warranted.
Sequences from low-GþC Firmicutes are underrepresented in both the ORB þ and ORB À gene sets. Genes of Proteobacteria (the high-level taxon most abundantly represented in our data set) are underrepresented only in the ORB À set. Table 1 shows the genomes of individual isolates that are significantly enriched with either ORB À or ORB þ gene set or both, in our data set. Many overrepresented species are pathogens. 
Discussion
Our results demonstrate that most single-copy genes from diverse prokaryotes show no strongly supported phylogenetic discordance or evidence of intergenome recombination, consistent with the idea that a cohesive signal may be present in these genomes. However, a substantial minority of these single-copy gene sets shows clear evidence of LGT; at least 19.6% contain an observable recombination breakpoint (ORB þ ), and a further 13.0% were phylogenetically discordant but do not contain an observable recombination breakpoint (ORB À ). In previous studies, estimates of the frequency of LGT range widely: 2% , 13% (Beiko et al. 2005b ), 16% (Kunin and Ouzounis 2003) , 60% (Lerat et al. 2005) , to as high as 90% (Mirkin et al. 2003) of genes or bipartitions. In a study based on inference of ancestral genome sizes (Dagan and Martin 2007) , all genes in prokaryotes were proposed to have had undergone LGT at some point in their histories. Several factors contribute to this range of estimates, including but not limited to the choice of methodological approach and sampling of genes and genomes ). Different methodologies can produce not only different estimates of the extent of LGT but also incompatible lists of lateral genes on the same data set (Ragan 2001) . The phylogenetic approach to detection of LGT is firmly grounded in biological principle (the same principles as those responsible for inheritance and diversification of lineages) and can be carried out in a statistically rigorous manner, although systematic biases, for example, surrounding the model of sequence change, may still intrude. ORBs might also arise within a gene set due to genetic conversion subsequent to an LGT event resulting in different evolutionary rates being inferred for different gene regions (Chan et al. 2007) or via duplication of horizontally transferred gene fragments. In previous analysis of the same data sets (Chan et al. 2009 ), we did not observe rate differences of a magnitude likely to confound these analyses; and by limiting our data set to single-copy gene families, we ensure, to the extent possible, that inferred ORBs have not arisen from recombination with a paralogous sequence.
A limitation of the phylogenetic approach as adopted in previous studies (e.g., Beiko et al. 2005b; Lerat et al. 2005) , however, has been the underlying assumption that the unit of genetic transfer is an entire gene. Topological discordance between a gene-set tree and the reference topology has been interpreted as prima facie evidence that a gene has been transferred from one lineage into another. Here, we have employed a phylogenetic approach but without restricting the unit of transfer to be a whole gene and show that among these diverse prokaryotic species, LGT can involve the recombination of a fragment smaller than a gene and/or the interruption of an existing gene. Indeed, over the sets of single-copy genes in these 144 prokaryotic genomes, gene sets with observed recombination breakpoints are about 50% more frequent than those of inferred lateral origin for which no breakpoint is observed, suggesting that LGT more commonly interrupts genes than preserves them intact. Although our approach relaxes assumptions that the gene is the fundamental unit of lateral transfer, it suffers certain limitations of its own that must be considered when interpreting these results. First, our approach does not consider the arrangement or grouping of genes within modern or ancestral genomes: a single LGT event transferring multiple genes, whether wholly or in part, would appear as multiple LGT events. As a consequence, it is unwarranted to interpret our results as indicating a number or frequency of transfer events. Second, the taxonomic sampling of our data set is based on organisms for which whole-genome sequences are available. For the most part, strains have been selected for sequencing based on their availability in culture collections and/or their pathogenicity or economic significance, and thus are unlikely to be representative of extant (much less past) microbial diversity. It is unknown whether taxon availability and sampling may bias inference regarding the frequency of LGT in different clades. Third, our method for discovering recombination breakpoints within genes requires orthologous gene (open reading frame) sets to be aligned and does not take heterogeneity in sequence composition or nonstationarity of the substitution process into account. As our data set covers a broad range of genomic GþC content, such issues are clearly relevant here, and in extreme cases may have led to erroneous inference of breakpoints. In addition, our approach would not have detected the transfer of genes or gene fragments that share high sequence similarity, that is, recombination within gene regions that exhibit weak (or unsubstantiated) phylogenetic signal, and as such will tend to underestimate the extent of LGT. As data sets grow and models for phylogenetic inference become more realistic, it will be necessary to revisit the issue of within-gene LGT. Our present analysis should be considered a best-practice examination of within-gene LGT, given current data sets and inference methods.
The data set used in this study is a subset of that of Beiko et al. (2005b) , who concluded that some 13%-14% of bipartitions are discordant and potentially affected by
LGT. Here we report that at least 32.6% of gene sets are affected by LGT. These two numbers are not directly comparable for three reasons: 1) our present subset contains only sets of single-copy genes; 2) our data set is smaller, having 74% as many gene sets and 54% as many sequences; and 3) we base our analyses on gene sets, not on bipartitions, as genetic transmission involving within-gene recombination can be only partially mapped into the paradigm of bipartitions and subtrees. Neither we nor Beiko et al. (2005b) attempted to estimate LGT in paralogous gene families or among very closely related genomes. Again we are reminded of the multifaceted trade-offs between methodological rigor and the goal of a more global estimate of frequency of LGT in prokaryotes. Our findings must therefore be interpreted carefully, especially with regard to LGT in duplicationrich clades such as Proteobacteria (Gevers et al. 2004 ).
Other studies have reported high rates of LGT for some Proteobacteria (Gogarten et al. 2002; Lerat et al. 2003) .
Our results also indicate that, after normalization for numbers of genes in each set, small gene sets with evidence of LGT are more frequent than expected under a random model. This is the case for both whole-gene (the ORB À gene sets) and within-gene transfer (the ORB þ sets). Nonetheless, we urge caution in interpreting this result. Gene-set size is correlated with degree of sequence divergence; many, although not all, small gene sets are constituted of sequences from closely related organisms (genomes) that have only recently diverged from a common ancestor (Pushker et al. 2004 ). These sequences presumably are, or have recently been, preferentially susceptible to homologous recombination events that changed the sequence very little and thus remain cryptic to our, and indeed all other, approaches. Other small gene sets exhibit patchy phyletic distributions most parsimoniously explained by LGT. Further, if multiple instances of LGT are common in individual gene sets (of any size), setting a conservative upper bound on the value of the normalizing factor, as we do here, could skew the D obs distribution toward high values. Interestingly, we observe in our data that large gene sets (size N . 10) tend to have a greater number of distinct breakpoints (b) than small gene sets: The mean b is 6.6, compared with a mean b of 1.3 in gene sets of N 10 (P , 10 À16 ). Our findings describe the propensity of a gene set to have suffered LGT, not the number of LGT events, and therefore, our result must be interpreted strictly against that definition. For ORB À gene sets, the shortest constrained subtree pruneand-regraft distance (Beiko and Hamilton 2006) might serve as surrogate for number of LGT events, but novel approaches would presumably be required to estimate this for ORB þ sets. Finally, the sensitivity of different recombination detection approaches in light of gene-set size has not been explored in depth; if adding more sequences to a set diminishes the probability of detecting a single recombination event (e.g., due to the use of an overly conservative multiple-test correction such as the Bonferroni), then large sets will be more susceptible to false negatives.
We observed only modest differences in functional bias between within-gene and whole-gene transfers in these gene sets, with hypothetical proteins very significantly (P 0.01) overrepresented in both cases. Gene products classified by the JCVI CMR as of ''unknown function'' (i.e., corresponding to genes that show significant similarity to genes in other organisms, for which the function has not been identified) are not significantly over-(or under-)represented, suggesting that an exogenous or hybrid origin does not significantly decrease (or increase) annotation of a functional role category. We also found that genes encoding viral functions are more likely to be laterally transferred in their entirety than as fragments. A similar trend is observed for pathogenic bacteria, which are prominent among the organisms that contribute disproportionately to gene sets affected by nonfragmentary transfer. Genes that encode virulence factors (e.g., toxins, adhesions, and invasins) are commonly located on mobile genetic elements such as plasmids and transposons, or in specific genomic region called pathogenicity islands (Ilyina and Romanova 2002; Hacker et al. 2004) .
Genes annotated as involved in DNA metabolism, transcription, and protein synthesis are underrepresented among the ORB À gene sets. Of these, only the ''protein synthesis'' functional category is underrepresented among the ORB þ sets. The complexity hypothesis (Jain et al. 1999 ) postulates that ''informational'' proteins involved in processes related to transcription and translation, including many in these three categories, typically function in the cell within large multiprotein complexes; they must interact in finely tuned ways with many other biomolecules, and it may be a consequence that their genes are less likely to be susceptible to successful LGT than are genes encoding the putatively less interactive ''operational'' proteins. Our results do not speak directly to the validity of this hypothesis, but suggest that any bias against transfer of informational genes may be expressed more strongly in the case of whole-gene than within-gene genetic transfer.
Supplementary Material
Supplementary figure S1 is available at Genome Biology and Evolution online (http://www.oxfordjournals.org/ our_journals/gbe/). 
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